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Abstract 

We demonstrate how the interplay of a future e + e~ LC at its first stage with 
yfs < 500 GeV and of the LHC could lead to a precise determination of the funda- 
mental SUSY parameters in the gaugino/higgsino sector without assuming a specific 
supersymmetry breaking scheme. We demonstrate this for the benchmark scenario 
SPSla, taking into account realistic errors for the masses and cross sections measured 
at the LC with polarised beams, including errors coming from polarisation measure- 
ments, and mass measurements at the LHC. The results clearly demonstrate the com- 
plementarity of the LHC and LC, and the benefit from the joint analyses of their data. 



1 Introduction 

Supersymmetry (SUSY) is one of the best motivated extensions of the Standard Model 
(SM). However, since SUSY has to be broken even the minimal version, the unconstrained 
MSSM, has 105 new parameters. SUSY analyses at future experiments, at the LHC and at 
a future Linear Collider (LC), will have to focus on the determination of these parameters 
in as model-independent a way as possible [1]. 
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With so many new parameters clear strategies will be needed in analysing the exper- 
imental data [2]. An interesting possibility to resolve the new physics is to start with the 
gaugino/higgsino particles which are expected to be among the lightest SUSY particles. 
At tree level, this sector depends only on 4 parameters: M lf M 2 , \i and tan (3 - the U(l) 
and SU(2) gaugino masses, the higgsino mass parameter and the ratio of the vacuum 
expectations of the two Higgs fields, respectively. 

Some strategies have been worked out for the determination at the tree level the pa- 
rameters Mi, Mi, ii, tan (3 even if only the light gaugino/higgsino particles, Xi> X2 an d 
Xi were kinematically accessible at the first stage of the LC [3]. In this report we demon- 
strate how such an LC analysis could be strengthened if in addition some information 
on the mass of the heaviest neutralino the LHC is available. We consider three scenarios: 
(i) stand alone LC data, (ii) when the LC data are supplemented by the heavy neutralino 
mass estimated from the LHC data, and (iii) joint analysis of the LC and LHC data. The 
results in the last scenario will clearly demonstrate the essentiality of the LHC and LC 
and the benefit from the joint analysis of their data. 

In order to work out this hand-in-hand LHC+LC analysis for determining the tree- 
level SUSY parameters, we assume that only the first phase of a LC with a tunable energy 
up to \/i = 500 GeV would overlap with the LHC running. Furthermore, we assume 
an integrated luminosity of J C ~ 500 fb _1 and polarised beams with P(e~) = ±80%, 
P(e + ) = ±60%. In the following ol will refer to cross sections obtained with P(e~) = 
-80%, P(e+) = ±60%, and a R with P(e~) = +80%, P(e+) = -60%. We restrict our- 
selves to the CP conserving chargino /neutralino sector and take the SPSla as a working 
benchmark [4]; the inclusion of CP violating phases will be considered elsewhere. 

Before presenting our results on the parameter determination, we first briefly recapit- 
ulate the main features of chargino and neutralino sectors and sketch our strategy. 



2 The gaugino/higgsino sector 
2.1 Chargino sector 

The mass matrix of the charged gaugino W ± and higgsino H ± is given by 1 

/ M 2 V2m w cos (3 \ 

Mo=[ r (1) 

\ V 2m w sin (3 \x ) 

As a consequence of possible field redefinitions, the parameter M 2 can be chosen real 
and positive. The two charginos X12 are mixtures of the charged SU(2) gauginos and 
higgsinos. Since the mass matrix M.c is not symmetric, two different unitary matrices 
acting on the left- and right-chiral (W, H) LjR two-component states 

*^ -U L ,(t) (2) 



* 2 / L,R V a / L,R 



1 One should note the difference between our convention of taking \ as "particles" and e.g. the con- 
vention of [5]. 
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define charginos as mass eigenstates. For real M. c the unitary matrices U L and U R can be 
parameterised as 

/ cos$ LtR sin$ Lj/? \ 
\ -sm$ L>R cos$ LiiJ J 

The mass eigenvalues m 2 ± and the mixing angles are given by 

Xl,2 



= l(Ml + fi 2 + 2m 2 w T A c , 



*1,2 2 

cos20 L>/? = -(M 2 2 -// 2 =f 2m^ cos 2/3) /A c 

where A c = [(M| - ,u 2 ) 2 + 4m^ cos 2 2/3 + 4m 2 w (M 2 + /i 2 ) + 8m 2 w M 2 fi sin 2/3] 1 / 2 . 

The e + e" — > x^xj production processes occur via the s-channel 7, Z° and the t- 
channel i> e exchange. Since the two mixing angles §l,r enter the couplings in the XX% 
and ex^e vertices, the chargino production cross sections cr ± {ij} = cr(e + e~ — > xtxf) are 
bilinear functions of cos 2$ £iB [6] and can be written as 

cr ± {ij} = ci cos 2 2$ L + c 2 cos2$ L + c 3 cos 2 2$^ + c 4 cos2$ R + c 5 cos2$ L 0052$^ + c 6 (4) 

We derived the coefficients . . . ,cq for the lightest chargino pair production cross sec- 
tion, see eq. (4) in the Appendix. 

2.2 Neutralino sector 

The neutralino mixing matrix in the {7, Z°, H®, H 2 } basis is given by 

/ M 1 cos 2 v +M 2 sm 2 v (M 2 - M x ) sva w cos w \ 

(M 2 — Mi) siriiy cosw Mi sin 2 ^ +M 2 cos 2 ^ m z 

sin 2/3 — // cos 2/3 

\ -/i cos 2/3 -/i sin 2/3 / 



A* 



AT 



(5) 



The neutralino eigenvectors and their masses are obtained with the 4x4 diagonalisation 
matrix N: 

NMnN^ = diag{m^o, . . . , m^o} (6) 

The parameter Mi can only be determined from the neutralino sector. The characteris- 
tic equation of the mass matrix squared, M. n-M n , can be written as a quadratic equation 
for the parameter M\. 

XiM\ + yiMi -Zi = 0, for i = 1, 2, 3, 4 (7) 

where x if y if Zi are given by: 

Xi = -m% + a 4 imt - a 2 im|o + a QX , (8) 
Vi = a&mio - a 22 m 2 - + a 02 , (9) 
«i = «4o - a 63 m? + a 43 mt - a 23 m| + a 03 , (10) 

Ai Ai Ai Ai 



The coefficients a k[ , (k = 0, 2, 4, 6, / = 1, 2, 3), being invariants of the matrix M n-M'J?, can 
be expressed as functions of M 2/ \i and tan j3. Their explicit form is given in the Appendix. 

The e + e" — > XiX°j production processes occur via the s-channel Z° and the t- and u- 
channel er, and exchanges. Since the neutralino mixing matrix N is parameterised in 
general by 6 angles, the analytic expressions for the production cross sections are more 
involved. Their explicit form can be found in [3]. 

As one can see from eq. (7) for each neutralino mass m^o one gets two solutions for M^ 
In principle, a measurement of two neutralino masses and /or the cross section resolves 
this ambiguity. However, one has to remember that the mass eigenvalues show different 
sensitivity to the parameter Mi, depending on their gaugino/higgsino composition. In 
our scenario, the mass of the lightest neutralino m^o depends strongly on Mi if Mi is in 
the range —183 GeV< Mi < 180 GeV, while the others are roughly insensitive, see Fig. 1. 
For larger and larger |Mi |, the heavier neutralinos become more sensitive to Mi [7]. 




Figure 1: Mi dependence of the neutralino mass eigenvalues m^o, i = 1, . . . , 4 with M 2 , /x and 
tan j3 as in the reference scenario SPSla. 



2.3 The strategy 

At the initial phase of future e + e~ linear-collider operations with polarised beams, the 
collision energy may only be sufficient to reach the production thresholds of the light 
chargino Xi an d the two lightest neutralinos Xii x\- From the analysis of this restricted 
system, nevertheless the entire tree level structure of the gaugino/higgsino sector can be 
unraveled in analytical form in CP-invariant theories as follows [3,6]. 

It is clear from eq.(4) that by analysing the XiXi production cross sections with po- 
larised beams, cx^ {11} and <t^{11}, the chargino mixing angles cos2$l and cos 2$^ can be 
determined [6]. Any two contours, af{ll} and <j^{11} for example, will cross at least at 
one point in the plane between — 1 < cos 2$^, cos 2$^ < +1, if the chargino and sneutrino 
masses are known and the SUSY Yukawa coupling is identified with the gauge coupling. 
However, the contours, being of second order, may cross up to four times. The ambiguity 
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can be resolved by measuring the transverse 2 cross section {11}, or measuring af{ll} 
and cr^{ll} at different beam energies. 

In the CP conserving case studied in this paper the SUSY parameters M 2 , \i and tan j3 
can be determined from the chargino mass m ~± and mixing angles cos 2$ l, cos [6]. It 
is convenient to define 



V 
Q 



sin2$ L + sin 2$^ 



cos2$ L - cos2$ R 
1 cos2$ L + cosI^r 
pcos2$ L - co$2§ R 



(11) 
(12) 



Since the cos 2$ L and cos 2$ R are derived from XiXi cross sections, the relative sign of 
sin2$ L , sin2$ R is not determined and both possibilities in eqn.(ll), (12) have to be con- 



sidered. From p, q, the SUSY parameters are determined as follows (r" 



m. 



Mo 



tan f3 



raw 

mw 
72 
p 2 



[ip + q) sin /5 

[(p — q) sin j3 



(p 



q) cos j3] 
q) cos (3\ 



q 2 ± ^r 2 (p 2 + q 2 + 2 



(^1+f-^/TTq 



2\2 



2r 2 



(13) 
(14) 

(15) 



where rj — 1 for cos2$ R > cos2$ £ , and t] = — 1 otherwise. The parameters M 2 , // are 
uniquely fixed if tan (3 is chosen properly. Since tan (5 is invariant under simultaneous 
change of the signs of p, q, the definition M 2 > can be exploited to remove this overall 
sign ambiguity. 

The remaining parameter Mi can be obtained from the neutralino data [3]. The char- 
acteristic equation for the neutralino mass eigenvalues eq. (7) is quadratic in Mi if M 2 , \i 
and tan (5 are already predetermined in the chargino sector. In principle, two neutralino 
masses are then sufficient to derive Mi. The cross sections a° LR {12] and a° LR {22} for 
production of X1X2 an d X2X2 neutralino pairs 3 with polarised beams can serve as a con- 
sistency check of the derived parameters. 

In practice the above procedure may be much more involved due to finite experi- 
mental errors of mass and cross section measurements, uncertainties from sneutrino and 
selectron masses which enter the cross section expressions, errors on beam polarisation 
measurement, etc. In addition, depending on the benchmark scenario, some physical 
quantities in the light chargino /neutralino system may turn to be essentially insensitive 
to some parameters. For example, as seen in fig. 1, the first two neutralino masses are 
insensitive to Mi if Mi 3> M 2 , /x. Additional information from the LHC on heavy states, 
if available, can therefore be of great value in constraining the SUSY parameters. 

Our strategy can be applied only at the tree level. Radiative corrections, which in 
the electroweak sector can be 0(10%), inevitably bring all SUSY parameters together [9]. 

2 The measurement of the transverse cross section involves the azimuthal production angle $ of the 
charginos. At very high energies their angle coincides with the azimuthal angle of the chargino decay 
products. With decreasing energy, however, the angles differ and the measurement of the transverse cross 
section is diluted. 

3 The lightest neutralino-pair production cannot be observed. Alternatively one can try to exploit pho- 
ton tagging in the reaction e + e~ — > 7X1X? [8]. 
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Nevertheless, tree level analyses should provide in a relatively model-independent way 
good estimates of SUSY parameters, which can be further refined by including iteratively 
radiative corrections in an overall fit to experimental data. 

3 SUSY parameters from the LC data 

3.1 Experimental input at the LC 

In this paper we adopt the SPSla scenario defined at the electro weak scale [4]. The rele- 
vant SUSY parameters are 

Mi = 99.13 GeV, M 2 = 192.7 GeV, // = 352.4 GeV, tan/5 = 10 (16) 

The resulting chargino and neutralino masses, together with the slepton masses of the 
first generation, are given in table 1. 





xt xf 


xl xl xi xl 


eR e L v e 


mass 
error 


176.03 378.50 
0.55 


96.17 176.59 358.81 377.87 
0.05 1.2 


143.0 202.1 186.0 
0.05 0.2 0.7 



Table 1: Chargino, neutralino and slepton masses in SPSla, and the simulated experimental 
errors at the LC [11, 12]. It is assumed that the heavy chargino and neutralinos are not observed 
at the first phase of the LC operating at s/s < 500 GeV. [All quantities are in GeV. ] 

Because xt an d X® decay dominantly into f producing the signal similar to that of 
stau pair production, the f mass and mixing angle are also important for the study of 
chargino and neutralino sectors. The mass and mixing angle can be determined as m fl = 
133.2 ± 0.30 GeV and cos 29 T = —0.84 ± 0.04, and the production cross section ranges from 
43 fb to 138 fb depending on the beam polarisation, see [10, 11] for details of the stau 
parameter measurements. We assume that the contamination of stau production events 
can be subtracted from the chargino and neutralino production. Below we included the 
statistical error to our analysis but we did not include the systematic errors. 

3.2 Chargino Sector 

As observables we use the light chargino mass and polarised cross sections er^ {11} and 
<t^{11} at y/s = 500 GeV and y/s = 400 GeV. The light charginos xt decay almost exclu- 
sively to ffv T followed by rf — > r ± x?- The signature for the xtxt production would be 
two tau jets in opposite hemispheres plus missing energy. 

The experimental errors that we assume and take into account are: 

• The measurement of the chargino mass has been simulated and the expected error 
is 0.55 GeV, table 1. 

• With f £ = 500 fb" 1 at the LC, we assume 100 fb -1 per each polarisation configura- 
tion and we take into account la statistical error. 



6 





400 GeV 




500 GeV 




(P(e-),P(e + )) 


(-80%, +60%) (+£ 


0%, -60%) 


(-80%, +60%) (+5 


0%, -60%) 


a(e + e- -> Xi ) 


215.84 


6.38 


504.87 


15.07 


^stat 


1 /IT 

1.4/ 


0.25 


2.25 


n on 
0.39 




n as 


n 1 9 


119 


n 98 

U.ZO 


&7p(e+) 


0.40 


0.04 


0.95 


0.10 




7.09 


0.20 


4.27 


0.12 




0.22 


0.01 


1.57 


0.04 


5(7 tota1 


7.27 


0.35 


5.28 


0.51 



Table 2: Cross sections cr^ R {11} = a LtR (e + e~ — > XiXr) w ^ polarised beams P(e~) = +80%, 
P(e + ) = ±60% a£ = 400 and 500 GeV and assumed errors (infb) corresponding to lOOfb^ 1 
for each polarisation configuration. 



• Since the chargino production is sensitive to m 5e , we include its experimental error 
of 0.7 GeV. 

• The measurement of the beam polarisation with an uncertainty of AP(e ± ) / P(e ± ) = 
0.5% is assumed. This error is conservative; discussions to reach errors smaller than 
0.25% are underway [13]. 

The errors on production cross sections induced by the above uncertainties, as well as the 
total errors (obtained by adding individual errors in quadrature), are listed in table 2. We 
assume 100% efficiency for the chargino cross sections due to a lack of realistic simula- 
tions. 

Now we can exploit the eq. (4) and draw cos2$p = /(cos2$ L , R {11}) consistent 
with the predicted cross sections within the mentioned error bars, as shown in fig. 2. 
With the y/s = 500 GeV data alone two possible regions in the plane are selected. With 
the help of the a^{ll} at y^s = 400 GeV (cr^{ll} is small and does not provide further 
constraints) the ambiguity is removed and the mixing angles are limited within the range 

cos2$ L = [0.62,0.72] (17) 
cos2$ fl = [0.87,0.91] (18) 

Although cos 2$l, cos 2$p are determined rather precisely at a few per-cent accuracy, 
an attempt to exploit eqns. (13)-(15) shows that M 2 is reconstructed within 10 GeV, /i 
within 40 GeV, and essentially no limit on tan (3 is obtained (we get tan (3 > 6). The main 
reason for this result is a relatively large error of the light chargino mass measurement due 
to the xt ~^ Xi T+ v T decay mode. Several methods exploiting other sectors of the MSSM 
have been proposed to measure tan [3 in the high tan (3 regime [10, 14]. In the following 
we will exploit the neutralino sector (with eqns. (17), (18) as the allowed ranges for the 
chargino mixing angles) to improve constraints on M 2 , /i and tan (3, and to determine Mi. 

3.3 Neutralino Sector 

As observables we use the two light neutralino masses and polarised cross sections 
^{12} and a° L R {22} at y/s = 400 GeV and = 500 GeV. Although the production 
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

cos2$ L 

Figure 2: cos2$ fl as a function of cos 2& L far a^{ll} at y/s = 500 GeV (red), and 400 GeV 
(green) and a^{ll} at y/s = 500 GeV (blue) within the error bounds (theo+exp) as given in 
table 2. 

of X1X3 an d X1X4 pairs is kinematically accessible at y/s = 500 GeV, the rates are small and 
the heavy states yfl an d X® decay via cascades to many particles. Therefore we constrain 
our analysis to the production of the light neutralino pairs. 

The neutralino X2 decays into f^r T with almost 90%, followed by the — > t^Xi- 
Therefore the final states for the xfxf an d X1X2 are the same (2r + missing energy), how- 
ever with different topology. While for the charginos, the r's tend be in opposite hemi- 
spheres with rather large invariant mass, in the X1X2 process both r's, coming from the 
X2 decay, would be more often in the same hemisphere with smaller invariant mass. This 
feature allows separate the processes to some extent exploiting e.g. a cut on the opening 
angle between the two jets of the r's. However, in the case of XiX2r significant background 
from XiXa an d f^fi remains. 

We estimate the statistical error on a(e + e~ — > X1X2) based the experimental simulation 
presented in [12]. This simulation was performed at y/s = 500 GeV for unpolarised beams 
yielding an efficiency of 25%. We extrapolate the statistical errors at different \/s and 
different polarisations as 5a /a = y/ S + B / S where we calculate the number of signal (S) 
and background (B) events from the cross sections and the integrated luminosity (100 
fb _1 ) assuming the same efficiency as achieved for the unpolarised case. Since the cross 
sections for the SUSY background processes are also known only with some uncertainty, 
we account for this uncertainty in the background subtraction by adding an additional 
systematic error (5a^). 

For the process X2X2 ~^ r+r r+r ^XiXi no detailed simulation exists. From the r- 
tagging efficiency achieved in the X1X2 channel, we assume that this final state can be 
reconstructed with an efficiency of 15% with negligible background. This is justified since 
no major SUSY background is expected for the 4-r final state, BR(i> T — > t + t~Xi) 2 is only 
0.5%. SM backgrounds arise mainly from Z pair production and are small. 

For both processes we account in addition for polarisation uncertainties and uncer- 
tainties in the cross section predictions from the errors on the chargino and selectron 
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400 GeV 


500 GeV 


(P(e ), P(e + )) 


(-80%, +60%) 


(+80%, -60%) 


(-80%, +60%) 


/ 1 on 0/ pa()/\ 

(+80%, -60%) 


a(e + e -> X1X2) 


1/18 


ZU.UO 


1 AS /1 9 


ZU.ol 


^stat 


2.92 


1.55 


3.47 


1.55 


0°"P(e-) 


0.44 


0.02 


0.31 


0.03 


0.32 


0.05 


0.37 


0.06 


uu P(e+) 


0.28 


0.001 


0.31 


0.01 




0.21 


0.30 


0.16 


0.26 


"1 


0.20 


0.01 


0.17 


0.01 


5(T m - 


0.00 


0.01 


0.00 


0.01 


Sa tota\ 


3.0 


1.58 


3.52 


1.57 



Table 3: Cross sections cr£ #{12} = cr LjR (e + e~ —> X1X2) w ^ polarised beams P(e~) = +80%, 
P(e + ) = ±60% at y/s = 400 and 500 GeV, and assumed errors {info) corresponding to 100fb~ l 
for each polarisation configuration. 





400 GeV 




500 GeV 


(P(e-), P(e+)) 


(-80%, +60%) (+S 


0%, -60%) 


(-80%, +60%) 


(+80%, -60%) 




85.84 


2.42 


217.24 


6.10 


5(7 stat 


2.4 


0.4 


3.8 


0.6 




0.19 


0.05 


0.48 


0.12 


5(Tp( e +) 


0.16 


0.02 


0.41 


0.05 


&7 m _ ± 


2.67 


0.08 


1.90 


0.05 




0.15 


0.004 


0.28 


0.01 




0.00 


0.00 


0.00 


0.00 


5(7 tota1 


3.6 


0.41 


4.3 


0.62 



Table 4: Cross sections a Q LR {22} = OL^e+e" — > X2X2) w ^ polarised beams P(e~) = +80%, 
P(e + ) = ±60% at y^s = 400 and 500 GeV, and assumed errors {info) corresponding to 100fo~ l 
for each polarisation configuration. 



masses. Note that we implicitly assume that the branching ratio X2 ~^ T+T ~Xi is known, 
which is a simplifaction. A full analysis will have to take into account the parameter 
dependence of this branching ratio in addition, since it cannot be measured directly. 

The neutralino cross sections depend on M\, M 2 , [i, tan/3 and slepton masses. We 
prefer to express M 2 , fi, tan (3 in terms of m~± and the mixing angles cos 2$^, cos 2$#. Then 
we consider neutralino cross sections as functions of unknown Mi, cos 2$^, cos 2$# with 
uncertainties due to statistics and experimental errors on beam polarisations, m ~± , mg L 
and m gfl included (in quadrature) in the total error, see table 3 and table 4. 



3.4 Results 

We perform a A% 2 test defined as 



A^£i%#r d9) 
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The sum over physical observables Oj includes m^o, m^o and neutralino production cross 
sections cr° #{12}, <j° l R {22} measured at both energies of 400 and 500 GeV. The A% 2 is 
a function of unknown M 1; cos2$ L , cos2$ R with cos2<I> i , cos2$ R restricted to the ranges 
given in eqns. (17),(18) as predetermined from the chargino sector. 0~i stands for the phys- 
ical observables taken at the input values of all parameters, and 50 \ are the corresponding 
errors. 



0.9 

cos2$r 

0.895 




COs2$ L 0.66 

°- 65 98.8 
0.64 



Mi /GeV 



0.68 0.67 0.66 



0.65 0.64 

cos 2$ L 




0.64 0.65 0.66 0.67 0.68 

COS 2$ L 



98.8 99 99.2 99.4 99.6 

Mx/GeV 



Figure 3: The Ax 2 = 1 contour in the Mi, cos2$ L , cos2$ fi parameter space, and its three 2dim 
projections, derived from the LC data. 

In fig. 3 the contour of Ax 2 = 1 is shown in the M±, cos 2& L , cos 2$# parameter space 
along with its three 2dim projections. The projection of the contours onto the axes deter- 
mines la errors for each parameter. 

Values obtained for Mi, cos2$ L , cos2$ fi together with m~± can be inverted to derive 
the fundamental parameters M 2 , fi and tan (3. At the same time masses of heavy chargino 
and neutralinos are predicted. As can be seen in table 5, the parameters Mi and M 2 are 
determined at the level of a few per-mil, while \i is reconstructed within a few per-cent. 
Since the derived limits on tan (3 are asymmetric, we show the interval consistent with 
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SUSY Parameters 

Mi M 2 n tan (3 


Mass Predictions 

m~± m^o m^o 

X2 ^3 A4 


99.1 ±0.2 192.7 ±0.6 352.8 ± 8.9 10.3 ± 1.5 


378.8 ± 7.8 359.2 ±8.6 378.2 ± 8.1 



Table 5: SUSY parameters with la errors derived from the analysis of the LC data collected at the 
first phase of operation. Shown are also the predictions for the heavier chargino/neutralino masses. 



Ax 2 = 1. 
fi/ GeV 




tan/3 



340 1 1 1 1 1 1 1 

360 365 370 375 380 385 390 395 



360 365 370 375 380 385 390 395 



m^o/GeV 



m^o/GeV 



Figure 4: The correlation between predicted values of li and m^o (left panel) and the allowed range 
o/tan (3 and m^o (right panel) from the analysis of the LC data. 



The errors on the predicted masses of the heavy chargino/neutralinos, which in our 
SPSla scenario are predominantly higgsinos, are strongly correlated with the error of /i; 
the left panel of fig. 4 shows the correlation between fx and m^o. In the right panel of 
this figure a weaker correlation is observed between tan/? and m^o (or between tan/3 
and ji). Therefore, by providing m^o from endpoint measurements [15], the LHC could 
considerably help to get a better accuracy on fi. At the same time a better determination 
of tan (3 can be expected. 



4 Combined strategy for the LHC and LC 



4.1 LC data supplemented by ra^o from the LHC 

The LHC experiments will be able to measure the masses of several sparticles, as de- 
scribed in detail in [15]. In particular, the LHC will provide a first measurement of the 
masses of Xi> X® an d X% The measurements of x° an d X° are achieved through the study 
of the processes: 

(20) 



"X.i 



i 



where the index i can be either 2 or 4. The invariant mass of the two leptons in the final 
state shows an abrupt edge, which can be expressed in terms of the masses of the relevant 
sparticles as 



max 
m l+l- 



m- 



m~ 

2 



(21) 
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SUSY Parameters 

Mi M 2 n tan (3 


Mass Predictions 

m-± m^o 

X2 X3 


99.1 ±0.2 192.7 ±0.5 352.4 ± 4.5 10.2 ± 0.9 


378.5 ±4.1 358.8 ±4.1 



Table 6: SUSY parameters with la errors derived from the analysis of the LC data collected at the 
first phase of operation and with Sm^o = 5.1 GeV from the LHC. Shown are also the predictions 
for the masses ofxt an & X% 

If one only uses the LHC information, the achievable precision on m^o and m^o will be 
respectively of 4.5 and 5.1 GeV for an integrated luminosity of 300 fb _1 . 

In the case of the x% which in the considered scenario is mainly higgsino, this informa- 
tion can be exploited at the LC to constrain the parameter \x with a better precision. If we 
include this improved precision on m^o in the A% 2 test of eq. (19), the resulting A% 2 = 1 
contours get modified and the achievable precision is improved, as shown in table 6. 

4.2 Joint analysis of the LC and LHC data 

From the consideration of eq. (21), one can see that the uncertainty on the LHC measure- 
ment of m^o and m^o depends both on the experimental error on the position of rri^jfL, 
and on the uncertainty on m^o and rug. The latter uncertainty, which for both masses is of 
4.8 GeV, turns out to be the dominant contribution. A much higher precision can thus be 
achieved by inserting in eq. (21) the values for m^o, rrii R and which are measured at 
the LC with precisions respectively of 0.05, 0.05 and 0.2 GeV, table 1. 

With this input the precisions on the LHC+LC measurements of m^o and m^o become: 
5m,o = 0.08 GeV and 5m*o = 2.23 GeV 



SUSY Parameters 

Mi M 2 n tan/3 


Mass Predictions 

m-± m^o 

X2 Xs 


99.1 ±0.1 192.7 ±0.3 352.4 ±2.1 10.2 ± 0.6 


378.5 ± 2.0 358.8 ±2.1 



Table 7: SUSY parameters with la errors derived from the combined analysis of the LHC and LC 
data with 5m^o = 0.08 GeV and Sm^o = 2.23 GeV derived from the LHC when using the LC 
input ofSm^o = 0.05 GeV 

From the results of the A^ 2 test one can calculate the improvement in accuracy for the 
derived parameters by imposing the new mass constraints. The final results are shown in 
table 7. The accuracy for the parameters /i and particularly tan (3 is much better, as could 
be expected from fig. 4, where the allowed range of \i and tan j3 from the LC analysis is 
considerably reduced once the measured mass m^o at the LHC is taken into account. In 
particular, the precision on tan (3 becomes better than from other SUSY sectors [10, 14]. 

5 Summary 

We have worked out in a specific example, a mSUGRA scenario with rather high tan (3 = 
10, how the combination of the results from the two accelerators, LHC and LC, allows a 
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Figure 5: The Ax 2 = 1 contour in the M 1; cos 2<3> L , cos 2$ fi parameter space, and its three 2dim 
projections, derived from the joint analysis of the LC data and LHC data. 



precise determination of the fundamental SUSY parameters without assuming a specific 
supersymmetry breaking scheme. 

Measuring with high precision the masses of the expected lightest SUSY particles x\> 
X2, Xi an d their cross sections at the LC, and taking into account simulated mass mea- 
surement errors and corresponding uncertainties for the theoretical predictions, we could 
determine the fundamental SUSY parameters Mi, M 2 , [x at tree level within a few percent, 
while tan (3 is estimated within ~ 20 %. The masses of heavier chargino and neutralinos 
can also be predicted at a level of a few percent. The use of polarised beams at the LC is 
decisive for deriving unique solutions. 

If the LC analysis is supplemented with the LHC measurement of the heavy neutralino 
mass, the errors on /i and tan /3 can be improved. However, the best results are obtained 
when first the LSP and slepton masses from the LC are fed to the LHC analyses to get a 
precise experimental determination of the X2 an d xl masses, which in turn are injected 
back to the analysis of the chargino /neutralino LC data. Such a combined strategy will 
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provide in particular the precise measurement of the x\ mass, the parameters fi with an 
accuracy at the < 0(1%) level, and the error for tan/3 of the order of < 10%, reaching a 
stage where radiative corrections become relevant in the electroweak sector and which 
will have to be taken into account in future fits [9]. 
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Appendix 

a) For the lightest chargino pair production, <r ± {ll} = o{e~(p\)e + (p 2 ) — ► Xi(P3)Xi(Pi))' 
the coefficients ci, . . . , c 6 in eq. (4) are given by: 

ci = / \Z\ 2 {c LR L 2 f 2 + c RL R 2 h} 
Jc 

02 = / \Z\ 2 {c LR L 2 (l-AL)(2f 2 + f 3 ) + c RL R 2 (l-AR)(2f 1 + f 3 )} 
Jc 

- [ GNA{c LR L{2h + f 3 ) + c RL R(2f 1 + f 3 )}- [ Re(Z)Nc LR Lf 3 
Jc Jc 



c 3 = / \Z\\c LR L l h + c RL R l f 2 )- / ZN2c LR Lf 1 + / N 2 c LR h 
Jc Jc Jc 

ci = [ \Z\ 2 (l-AL){c LR L 2 (2f l + f 3 ) + c RL R 2 (2f 2 + f 3 )} + [ N 2 2c LR h 
Jc Jc 

+ [ Re(Z)Nc LR L{-4f 1 -f 3 + 4L(2f 1 + f 3 )}+ [ GNAc LR (2f\ + f, 
Jc Jc 

- ( GRe(Z)4{c LR L(2f 1 + f 3 ) + c RL R(2f 2 + f 3 )} 
Jc 

c 5 = / \Z\ 2 (c LR L 2 + c RL R 2 )f 3 - [ Re(Z)Nc LR Lf 3 
Jc Jc 
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/ \Z\ 2 {c LR L 2 (l - 8L) + c RL R 2 (l - 8L) + 16L 2 (c LR L 2 + c RL R 2 )}{h + f 2 + f 3 
Jc 

■ / Re(Z)Nc LR L(l-4L)(2f 1 + f 3 )+ ! G 2 (c LR + c RL ){fi + h + h) 
Jc Jc 

- / Re{Z)G8{c RL R + c LR L{l-AL)}{h + f 2 + f 3 )+ [ N 2 c LR j\ 
Jc Jc 

+ / GNAc LR {2h + f 3 
Jc 
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where f c = J| ^ / d cos 0, L = — ~ + sin 2 -R = sin 2 W / and 

G = e 2 /s, Z = g 2 / cos 2 9 w (s - m| + im z T z ), N = g 2 / (t — m~J 
denote the 7, Z and z> e propagators, 

c Li? = (1-P(e-))(1 + P(e + )), C/? L = (1 + P(e-))(1-P(e + )) 
are the beam polarisation factors, and 

h = (pm)(P2P3), h = (pm)(p2Pd, h = sml±/2 

are the pure kinematic coefficients. 

b) The coefficients a^i (k = 0,2,4,6, / = 1,2,3), which appear in eqns. (8),(9) and 
(10), are invariants of the matrix Mn-^n- They can be expressed as functions of the 
parameters M 2 , fx, tan (3 in the following way: 

a 63 = M\ + 2(/i 2 + m|) 

a 4i = M 2 2 + 2(/i 2 + m| cos 2 6 W ) 

a 42 = —2\im\ sin 2/3 sin 2 6*vy 

a 43 = 2/i 2 M| + (/i 2 + m|) 2 -2m|/iM 2 sin2/3cos 2 6' w + 2m|M 2 2 sin 2 6 l vi/ 

a 2i = A* 4 + 2yU 2 M2 + 2m|/i 2 cos 2 + m| cos 2 0^ — 2m|M 2 /i sin 2/3 cos 2 

a 22 = 2[m| M 2 sin 2 6*vk cos 2 6*vy — m|/i 3 sin 2 6*vy sin 2/3 — m|/iM| sin 2 6*vy sin 2/3] 

a 23 = /i 4 M 2 + m|/i 2 sin 2 2/3 + 2m|/i 2 M 2 sin 2 W - 2m|M 2 /i 3 cos 2 0^ sin 2/3 + m|M 2 2 sin 4 6 W 

a 01 = /j, 4 M 2 + m|/i 2 cos 4 6 W sin 2 2/3 - 2m|/i 3 M 2 cos 2 # w sin 2/3 

a 2 = 2m|/x 2 M 2 sin 2 W cos 2 9 W sin 2 2/3 - 2m|/i 3 M 2 sin 2 W sin 2/3 

a 3 = m|/x 2 M 2 sin 4 6*vk sin 2 2/3 
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